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Abstract
Introduction: Transfusion is a common treatment in pediatric intensive care units (PICUs). Studies in adults suggest 
that prolonged storage of red blood cell units is associated with worse clinical outcome. No prospective study has 
been conducted in children. Our objectives were to assess the clinical impact of the length of storage of red blood cell 
units on clinical outcome of critically ill children.
Methods: Prospective, observational study conducted in 30 North American centers, in consecutive patients aged <18 
years with a stay ≥ 48 hours in a PICU. The primary outcome measure was the incidence of multiple organ dysfunction 
syndrome after transfusion. The secondary outcomes were 28-day mortality and PICU length of stay. Odds ratios were 
adjusted for gender, age, number of organ dysfunctions at admission, total number of transfusions, and total dose of 
transfusion, using a multiple logistic regression model.
Results: The median length of storage was 14 days in 296 patients with documented length of storage. For patients 
receiving blood stored ≥ 14 days, the adjusted odds ratio for an increased incidence of multiple organ dysfunction 
syndrome was 1.87 (95% CI 1.04;3.27, P = 0.03). There was also a significant difference in the total PICU length of stay 
(adjusted median difference +3.7 days, P < 0.001) and no significant change in mortality.
Conclusions: In critically ill children, transfusion of red blood cell units stored for ≥ 14 days is independently associated 
with an increased occurrence of multiple organ dysfunction syndrome and prolonged PICU stay.
Introduction
Almost half of all critically ill patients, adults as well as
children, admitted to a critical care unit for more than 48
hours will receive a red blood cell (RBC) transfusion dur-
ing their stay [1,2]. RBC transfusions constitute a poten-
tially life-saving intervention aimed at restoring
hemoglobin levels, to maintain adequate oxygen delivery
to vital organs. However, some data suggest that they can
also put critically ill patients at risk for significant compli-
cations including increased rates of mortality [3,4],
increased multiple organ dysfunction syndrome (MODS)
[2,5-7], acute respiratory distress syndrome (ARDS) [8],
deep vein thrombosis [9] and nosocomial infections [10-
14]. Storage of RBC units is essential, because it allows
the separation in time and space of donation and transfu-
sion and it improves the availability of blood products.
Presently, the maximum recommended length of storage,
which is based on a 24-hour post-infusion in vivo recov-
ery of more than 75% of RBC, is 42 days with the preser-
vative solutions currently used in Canada and the USA
[15-18].
Blood banks do not issue blood in a random order: the
standard practice is to dispense the oldest blood available
in order to reduce potential waste. In recent years, several
studies have addressed the issue of RBC unit length of
storage and its clinical effects in adults who require trans-
fusions. Whereas some have reported a worse clinical
outcome in patients transfused with older blood [6,19-
21], others did not find any association between RBC
length of storage and increased morbidity or mortality
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[22-25]. Differences in these conflicting studies, which
include baseline severity of illness of patients studied and
sample size issues, make comparing these studies diffi-
cult. Only one small retrospective study has assessed the
effect of RBC length of storage on outcomes in children
and no relation was found between RBC unit length of
storage and clinical outcome in critically ill children [26].
The primary objective of this observational study was
to assess the relation between RBC length of storage and
the development of new or progressive MODS in criti-
cally ill children, by analyzing data from a large prospec-
tive pediatric intensive care unit (PICU) transfusion
study [2]. Secondary objectives included the evaluation of
the relation between RBC length of storage and adverse
outcome as reflected by mortality and PICU length of
stay.
We report an independent association between trans-
fusion of RBC units with more prolonged storage time
and a higher occurrence rate of new or progressive
MODS in critically ill children.
Materials and methods
This study involves patients recruited in a prospective,
epidemiological, observational study conducted in 30
PICUs by the Pediatric Acute Lung Injury and Sepsis
Investigators (PALISI) Network in the USA and Canada
from September 2004 to March 2005 [2]. All children
aged less than 18 years who were admitted to a participat-
ing PICU and whose length of stay was more than 48
hours were eligible. Institutional review board approval
was obtained at all study sites. Written informed consent
was obtained for all enrolled subjects.
Some data from the first 48 hours after PICU admission
were collected retrospectively, and the rest of the data
were collected prospectively up to a maximum of 28 days
in the PICU, or until hospital discharge, inter-institu-
tional transfer or death. Any patient readmitted within 48
hours of PICU discharge was attributed only one ICU
stay.
Data collected on admission included: demographic
data, severity of illness as estimated by the Pediatric Risk
of Mortality (PRISM) III score [27], organ dysfunction as
estimated by the Pediatric Logistic Organ Dysfunction
(PELOD) score [28] and the MODS score [29]. Daily data
collection included RBC transfusion events, length of
storage of RBC units, MODS variables, clinical informa-
tion and complications.
The total number of transfusions was recorded for each
patient, as well as the volume transfused per transfusion.
The total dose of transfusion standardized for body
weight was computed by dividing the total volume
administered by the patient weight at PICU admission.
RBC concentrates stored for a period shorter than the
median length of storage were defined as 'fresh blood',
whereas those stored for more than the median length of
storage were defined as 'old blood'. For patients requiring
multiple transfusions, 'old blood' or 'fresh blood' attribu-
tion was based on the oldest unit received. To compute
the median length of storage, the longest length of stor-
age was used for patients receiving multiple transfusions.
The primary outcome measure was the proportion of
patients who developed concurrent dysfunction of two or
more organ systems (defined as MODS [30]), or had pro-
gression of MODS, as evidenced by the worsening of one
or more organ dysfunctions, as described by Proulx and
colleagues [30]. The secondary outcomes analyzed were
PICU length of stay and 28-day mortality. All primary
and secondary outcomes were monitored prospectively
and were checked for after the first transfusion.
Chi-squared tests and Fisher's exact probability tests
were used to undertake unadjusted bivariate tests in
order to establish an association between the outcomes
and categorical variables. For continuous variables, Stu-
dent t tests were used. Correlations between two continu-
ous variables were analyzed with Pearson's correlation
test. Logistic regression was used to compare odds ratios
for development of the primary outcome and adjust-
ments were made for variables associated with the pri-
mary outcome: gender, age, MODS score at admission,
mechanical ventilation at admission, total number of
transfusions and total dose of transfusion. We also tested
for an interaction between number of transfusions and
total dose of transfusions. A Cox regression model, using
the same covariables, was used to analyze the adjusted
PICU length of stay and the time between the first trans-
fusion and development of the primary outcome. All sta-
tistical analyzes were performed with SPSS version 16 for
Mac (SPSS, Chicago, IL, USA).
Results
Population
A total of 977 consecutively admitted patients were
enrolled in 30 sites. One center (47 patients) was
excluded from analysis a posteriori because that center
did not record the RBC unit length of storage. In the
remaining 930 patients, 447 (49%) were transfused and
received a total of 1991 transfusions: 176 patients (39%)
were only transfused once and 271 (61%) had multiple
transfusions. Eighty-six percent (86%) of the transfusions
were pre-storage leukoreduced.
Data on the length of storage were available for 296 of
447 (66%) transfused patients. The proportion of missing
data was not related to the participating center (P = 0.65).
Of the 296 patients analyzed, 98 (33%) patients received
only one transfusion while 198 (67%) received multiple
transfusions.
Demographic data
Demographic data for transfused patients for whom
length of storage data was documented are shown in
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Table 1. The median length of storage was 14.0 days and
the mean length of storage was 17.8 ± 11.6 days (Figure
1). Infants less than one month old had a higher probabil-
ity of receiving RBC units stored for less than 14 days
(61% vs. 43%, P < 0.001). The median RBC unit length of
storage was significantly higher in patients who received
more than one transfusion (R = 0.24, P < 0.001); this cor-
relation did not change significantly with severity of ill-
ness (Figure 2). There were no significant differences
when comparing the demographic data and severity of ill-
ness at admission of patients for whom at least one RBC
length of storage was documented (n = 296) and those for
whom no length of storage was recorded (n = 151).
Forty-nine percent of the transfused patients received
their first transfusion within the first day after PICU
admission; an additional 19% were transfused within 48
hours.
Primary outcome
New or progressive MODS was associated with the fol-
lowing confounding variables at admission (Table 2): gen-
der (odds ratio female/male 0.53, 95% confidence interval
(CI) = 0.33 to 0.85, P = 0.01), severity of illness (MODS
score mean difference 0.89, 95% CI = 0.68 to 1.10, P <
Table 1: Demographic data in transfused patients with 
documented RBC length of storage
Transfused patients
(n = 296)
Age (months), mean ± SD 58.7 ± 69.2
Gender (male), mean ± SD 171 (57.7%)
Weight (kg), mean ± SD 21.0 ± 23.0
Race
White, n (%) 215 (72.6%)
Black, n (%) 38 (12.8%)
Asian, n (%) 8 (2.7%)
Other, n (%) 35 (11.8%)
Country
USA, n (%) 260 (87.8%)
Canada, n (%) 36 (12.2%)
Reason of admission
Cardiovascular, n (%) 106 (35.8%)
Respiratory, n (%) 81 (27.4%)
Central nervous system, 
n (%)
43 (14.5%)
Other, n (%) 66 (22.3%)
Sepsis at admission, n (%) 29 (14.8%)
Mechanical ventilation at 
admission
156 (52.7%)
PRISM III score at admission, 
mean ± SD
5.5 ± 5.7
PELOD score at admission, 
mean ± SD
12.0 ± 9.8
MODS at admission, mean ± 
SD
1.5 ± 1.2
MODS, multiple organ dysfunction score; PELOD, pediatric 
logistic organ dysfunction; PRISM, pediatric risk of mortality; RBC, 
red blood cell; SD, standard deviation.
Figure 1 Distribution of RBC length of storage. The horizontal axis 
represents the red blood cell (RBC) length of storage (in days). The ver-
tical axis represents the number of patients who received transfusions 
for each known length of storage. The black part of each bar of the his-
togram represents the number of patients who developed new or pro-
gressive multiple organ dysfunction score (MODS). For patients 
receiving multiple transfusions, the longest length of storage was 
used. The median length of storage is 14 days, and the mean length of 
storage is 17.2 days.
Figure 2 Box plot of the maximum RBC length of storage, accord-
ing to the number of RBC transfusions and according to the se-
verity of disease at admission (PRISM III score ≤ 10 versus >10). 
RBC, red blood cell; PRISM, pediatric risk of mortality; NS, not significant.
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0.001) and mechanical ventilation (odds ratio for being
ventilated 0.50, 95% CI = 0.31 to 0.80, P = 0.004). In
patients who developed new or progressive MODS com-
pared with those who did not, we found that the number
of RBC transfusions was significantly higher (5.5 ± 5.7 vs.
2.6 ± 3.6, P < 0.001, respectively), the total volume of RBC
transfusions was higher (72 ± 114 vs. 44 ± 79 ml/kg, P <
0.001, respectively), and the proportion of patients who
received at least one RBC unit stored for 14 days or lon-
ger was greater (62.3% vs. 47.3%, P = 0.01, respectively).
The unadjusted odds ratio for development of new or
progressive MODS in patients receiving at least one RBC
unit stored for 14 days or longer was 1.84 (95% CI = 1.14
to 2.97, P = 0.01; Table 3). The following organs contrib-
uted to the observed MODS: 80 (27%) gastro-intestinal
dysfunction, 51 (17%) cardiovascular dysfunction, 30
(10%) respiratory dysfunction, 21 (7%) hematological dys-
function, 19 (6%) renal dysfunction, and 2 (1%) neurolog-
ical dysfunction. The only organ failure that differed
significantly depending on RBC length of storage was
renal failure (P = 0.02).
After correction for confounding variables (gender, age,
MODS at admission, mechanical ventilation at admis-
sion, total number of transfusions and total volume of
transfusion), the adjusted odds ratio for development of
new or progressive MODS in patients receiving older
blood (stored ≥ 14 days) was 1.87 (95% CI = 1.04 to 3.27,
P = 0.03). The Hosmer-Lemeshow goodness-of-fit test for
this model was 0.49.
In patients who received a single transfusion with a
documented length of storage (n = 98), the adjusted odds
ratio for development of new or progressive MODS was
2.36 (95% CI = 0.88 to 6.34, P = 0.09) in those receiving a
RBC unit stored for 14 days or longer.
Patients also had an independently greater risk of
developing new or progressive MODS, which increased
by a factor of 1.13 (95% CI = 1.03 to 1.24, P = 0.01) for
each RBC transfusion.
Secondary outcomes
In the univariate analysis, the mean PICU length of stay
was significantly longer for patients receiving old blood
(stored ≥ 14 days) compared with those receiving fresh
blood (9.9 ± 8.3 days vs. 14.0 ± 10.4 days, mean difference
4.1 days, 95% CI = 2.0 to 6.3, P < 0.001; Table 3). There
was no significant difference for mortality (6.3% vs. 4.3%,
P = 0.6).
Using the logistic models, there was also a significant
difference in the adjusted median length of PICU stay
(adjusted median difference +3.7 days, P < 0.001; hazard
ratio 1.39, 95% CI = 1.07 to 1.80, P = 0.01) for patients
receiving old blood (Figure 3), but no significant impact
on mortality.
We evaluated the time between the first transfusion
and the occurrence of new or progressive MODS (Figure
4). Patients who received older blood had a trend toward
developing new or progressive MODS faster than those
who received fresh blood (hazard ratio = 1.43, 95% CI =
0.96 to 2.15, P = 0.08).
Discussion
This observational study evaluates the clinical impact of
RBC unit length of storage in critically ill children. We
report an independent association between more pro-
longed RBC unit length of storage and increased morbid-
ity: patients who are transfused with at least one RBC
unit stored for 14 days or longer had a significantly higher
risk of new or progressive MODS and a longer PICU
length of stay.
The relation between RBC unit length of storage and
clinical outcome has been extensively debated recently.
The results of many large observational studies in adults
Table 2: Confounding variables at admission according to occurrence of new or progressive MODS
Absence of new or progressive 
MODS (n = 182)
Presence of new or progressive 
MODS (n = 114)
P value
Age (months), mean ± SD 59.8 ± 68.9 57.0 ± 69.9 0.73
Gender (Male), n (%) 116 (63.7%) 55 (48.2%) 0.01
Weight (kg), mean ± SD 22.1 ± 22.9 19.2 ± 23.2 0.29
PRISM III at admission, mean ± SD 6.1 ± 6.3 4.4 ± 4.4 0.008
MODS at admission, mean ± SD 1.8 ± 1.2 1.0 ± 1.0 <0.001
PELOD at admission, mean ± SD 13.1 ± 9.7 10.3 ± 9.7 0.02
Sepsis at admission, mean ± SD 22 (12.1%) 7 (6.1%) 0.11
Mechanical ventilation at 
admission, mean ± SD
108 (59.3%) 48 (42.1%) 0.004
MODS, multiple organ dysfunction score; PELOD, pediatric logistic organ dysfunction; PRISM, pediatric risk of mortality; SD, standard deviation.
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are conflicting. Some authors reported that transfusion of
older RBC units (generally a storage time >14 days) is
associated with adverse events that include diminished
cerebral oxygenation [31], increased rate of nosocomial
infections [19], increased deep vein thrombosis [9],
increased MODS [6], and increased mortality [3,9,20,21].
Others reported no significant clinical impact with trans-
fusion of older RBC units [22-25,32]. The only pediatric
study evaluating the effect of RBC unit length of storage
on outcome was a post-hoc analysis by Kneyber and col-
leagues [26]. They reported no differences in length of
ventilation, PICU length of stay, or death rate in a small
number of transfused patients (n = 67). Our data show
that RBC units stored for 14 days or longer are indepen-
dently associated with a worse clinical outcome, as
reflected by the occurrence of new or progressive MODS
and by the PICU length of stay.
Several possible mechanisms may explain the adverse
clinical effects that are reported with transfusion of older
RBC units. Various biochemical changes occur during the
storage process, such as a decrease in 2,3-diphosphoglyc-
erate and S-nitrosohemoglobin, which regulates the vaso-
dilatory response to local hypoxemia [33,34]. This could
result in an increased mismatch that may compromise
oxygen supply to certain tissues. This has been recently
observed clinically by Kiraly and colleagues, who
reported a decreased tissue oxygenation in patients
receiving older blood transfusions [35]. Older RBCs are
less deformable [36], contain more extracellular ubiquitin
[37] and advanced glycation end-products [38], express
more phosphatidylserine [39], and induce more cytokine
production [40] and secretory phospholipase A2 [41]. All
these changes in stored RBCs are known to have immu-
nologic or pro-coagulant properties, which could possi-
bly increase the risk of poor outcomes, including multiple
organ failure.
Our data also show an independent association
between the number of RBC transfusions and the occur-
rence of new or progressive MODS, every additional
transfusion increasing the odds of developing this out-
come by 13%. Such a relation has also been described by
others [4,42,43]. A higher number of transfusions exposes
the patient to more antigens and more inflammatory
mediators, which may alter his immune status. In addi-
tion, patients with multiple transfusions have a higher
mathematical probability of receiving at least one older
RBC unit. A relation between severity of illness at base-
line and multiple transfusions is also frequently reported.
The data reported in the medical literature showed
repeatedly a strong association between older RBC units,
severity of illness, and/or more RBC transfusions, and
worse outcome in critically ill patients, but it is almost
impossible to determine if it is the length of storage, the
number of transfusions, or the severity of illness that
Table 3: Demographic, transfusion related and outcome variables according to length of RBC storage
RBC unit length of storage
<14 days
(n = 139)
≥ 14 days
(n = 157)
P value
Age (months), mean ± SD 37.5 ± 56.8 77.4 ± 73.8 <0.001
Male, n (%) 87 (62.6%) 84 (53.5%) 0.12
Weight (kg), mean ± SD 15.3 ± 18.5 26.0 ± 25.4 <0.001
PRISM III at admission, mean ± SD 4.9 ± 5.7 6.0 ± 5.7 0.09
MODS at admission, mean ± SD 1.3 ± 1.2 1.6 ± 1.3 0.04
PELOD at admission, mean ± SD 10.0 ± 8.3 13.8 ± 10.8 0.001
Sepsis at admission, n (%) 13 (9.4%) 16 (10.2%) 0.85
Mechanical ventilation at admission, 
n (%)
77 (55.4%) 83 (52.9%) 1.00
Total number of RBC transfusions, 
mean ± SD
2.6 ± 3.6 5.5 ± 5.7 <0.001
Total dose of RBC transfusions (ml/
kg), mean ± SD
44 ± 79 72 ± 114 0.02
New or progressive MODS, n (%) 43 (30.9%) 71 (49.3%) 0.01
Death at 28 days, n (%) 6 (4.3%) 9 (6.3%) 0.61
PICU length of stay (days), mean ± SD 9.9 ± 8.3 14.0 ± 10.4 <0.001
Results are expressed as mean ± standard deviation or numbers and proportions.
MODS, multiple organ dysfunction score; PELOD, pediatric logistic organ dysfunction; PICU, pediatric intensive care unit; PRISM, pediatric risk 
of mortality; RBC, red blood cell; SD, standard deviation.
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explained worse outcome. Our study shows that worse
clinical outcome is associated with the number of trans-
fusions independently of the longest length of storage;
such an independent relation has only been reported
recently in adult trauma patients [9,21]. This implies that
all studies assessing the association between length of
storage and clinical outcome must take into account not
only the age of the blood products, but also the total
number of transfusions administered and the severity of
illness.
There are several limitations in our study. The main
limitation is that RBC unit length of storage was not
available for one-third of the patients. Although it was
not possible to recuperate the missing data, we do not
anticipate that the cohort of patients with missing data
would bias the results because missing data were not
related to the severity of illness at admission. Further-
more, these missing data did not allow us to analyze the
data according to other RBC length of storage cutoffs due
to sample size issues. However, further support that our
findings are valid comes from our analysis of the sub-
group of patients who received only one transfusion
whose length of storage was available and unequivocal.
Although we did not attain sufficient statistical power,
there was a trend for a higher adjusted odds ratio for
developing new or progressive MODS (2.36, P = 0.09, n =
98) in those who received blood older than 14 days.
There are other limitations. It has been suggested that
leukoreduction is associated with a better clinical out-
come [44]. Although it would have been ideal to include
this covariable in our logistic regression, the database did
not provide sufficient data on leukoreduction to allow for
this adjustment. However, because most transfusions
(86%) were leukoreduced, there is not sufficient power to
analyze this variable. Infants got fresher blood than older
children. This might be due to blood bank policies
whereby fresher blood may have been provided for car-
diac surgery patients, who are likely to be younger. How-
ever, our logistic models adjusted for patient age. In
patients who received multiple transfusions, analysis was
subject to confounding influences due to the mixture of
storage times. Although it seems reasonable to adjudicate
to the 'older blood' group those who had received at least
one transfusion of old blood, one could argue that the
groups should be allocated according to the freshest
blood administered, or according to the mean or the
median length of storage, or perhaps according to a
weighted average of the length of storage all RBC units
received. The best way to address length of storage issues
in patients who received multiple transfusions remains to
be determined. Despite the use of maximum RBC age to
define old RBCs, which biases our results towards the
null hypothesis, our analysis indicated a significant inde-
pendent association between RBC unit length of storage
Figure 3 Adjusted PICU length of stay, according to RBC unit 
length of storage. The Cox regression model is adjusted for gender, 
age, multiple organ dysfunction score (MODS) at admission, mechani-
cal ventilation at admission, total number of transfusions, and total 
transfusion dose. Adjusted median difference in pediatric intensive 
care unit (PICU) length of stay was 3.7 days (P < 0.001); hazard ratio = 
1.39 (95% CI = 1.07 to 1.80, P = 0.01).
Figure 4 Time to develop new or progressive MODS. Adjusted pro-
portion of patients free of primary outcome (new or progressive mul-
tiple organ dysfunction score (MODS)), according to the red blood cell 
(RBC) length of storage (<14 days versus ≥ 14 days). The Cox regression 
model was adjusted for gender, age, MODS at admission, mechanical 
ventilation at admission, total number of transfusions, and total trans-
fusion volume. Hazard ratio = 1.43 (95% CI = 0.96 to 2.15, P = 0.08).
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and both the occurrence of new or progressive MODS
and a more prolonged PICU length of stay. Caution is
warranted in the interpretation of these results, which
show an association between RBC length of storage and a
more adverse clinical outcome in critically ill children.
We must underline the fact that our study reported an
independent association, not a cause-effect relation
between more prolonged length of storage of RBC units
and outcome in critically ill patients: only a randomized
clinical trial on this question may prove that such cause-
effect relation is real.
Conclusions
This observational pediatric study suggests that critically
ill children receiving RBC units stored for 14 days or lon-
ger are at greater risk of developing new or progressive
MODS. Despite the limitations of our study, the observa-
tion of an independent association between longer length
of storage and a greater risk of new or progressive MODS
in critically ill children is a novel and important finding.
Definitive conclusions cannot be drawn, but these obser-
vational data justify undertaking a randomized controlled
trial to evaluate the effect of RBC length of storage in crit-
ically ill children.
Key messages
• The clinical impact of the transfusion of RBC units
with a more prolonged storage time is a controversial
issue. Conflicting results on morbidity and mortality
have been published in adults. No large prospective
studies have addressed this question in critically ill
children.
• In this study, we prospectively evaluate the associa-
tion between prolonged RBC storage time and clinical
outcome in critically ill children.
• In critically ill children, transfusion of RBC units
stored for 14 days or longer is independently associ-
ated with an increased occurrence of MODS and pro-
longed PICU stay.
• These novel and important observational data jus-
tify undertaking a randomized controlled trial to eval-
uate the effect of RBC length of storage on the
outcome of critically ill children.
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